Pb thin films were prepared by the ns pulsed laser deposition technique on Si (100) and polycrystalline Nb substrates for photocathode application. As the photoemission performances of a cathode are strongly affected by its surface characteristics, the Pb films were grown at different substrate temperatures with the aim of modifying the morphology and structure of thin films. Atomic force microscopy and scanning electron microscopy analyses showed a strong morphological change in the deposited films with the substrate temperature, and the formation of spherical grains at higher temperatures with the nucleation of large voids on the film surface. X-ray diffraction measurements showed that a preferred orientation of Pb (111) 
I. INTRODUCTION
The deposition of thin films with adequate morphology and a crystalline structure is a key point in the development of many research fields. During the last two decades, the pulsed laser deposition (PLD) technique has been applied increasingly to the synthesis of thin films because of its versatility for the deposition of practically any kind of material with a relatively simple experimental set-up [1, 2] . The versatility of PLD also lies in the possibility of obtaining films very adherent to the substrates, even at room temperature and with a high predictable growth rate, which can be precisely controlled through a priori studies of the experimental parameters. Adequate selection of the irradiation conditions, as well as the chemical and physical properties of the target materials, is crucial for the production of very adherent thin films [3] [4] [5] . Moreover, the choice of substrate temperature may also affect the quality of thin films from the morphological and structural features point of view [6] .
In this paper, we report the characterization of Pb thin films deposited by PLD grown on Si (100) and on polycrystalline Nb substrates at different temperatures with a laser wavelength of 266 nm. The deposition process of Pb thin films by PLD technique was also studied by using the fundamental wavelength of Nd:YAG at 1064 nm [7] . However, the deposited films were non-homogeneous with a high droplet density on the film surface. It is well known that the quality of the deposited films is strongly related to the laser parameters, such as laser wavelength and laser fluence. In the same paper was also showed that the droplet density lowered by the laser fluence. Therefore, in this work the laser fluence was fixed as closely as possible to the ablation threshold in order to reduce the thermal effects on the target during the ablation process decreasing, in this way, the formation of the melted material which is responsible of the presence of droplets on the film surface. The substrate temperature was changed as effort to improve the homogeneity of the Pb thin films which is very important for the application of such device as photocathode.
The study is of great interest for the R&D of photocathodes and in particular for Nb superconducting radio-frequency guns (SRF), which combine the advantages of photoassisted production of high brightness and short electron pulses with reduced electrical losses and continuous wave operation [8, 9] . SRF cavities present a main drawback in the low quantum efficiency (QE) of the material used for their fabrication (QE Nb~2 ×10 -5 @ 250 nm) with respect to other metallic photocathodes, reducing the possibility of obtaining electron beams of high current [10] .
The most promising alternative seems to be the insertion of a small photo-emitting spot made of an alternative material, which improves the photoemission performance of the SRF cavity but preserves its quality factor [11] . The use of Pb has been proposed as an excellent solution because its superconducting critical temperature of 7.2 K is quite similar to that of Nb (9.3 K) and the QE of Pb is an order of magnitude higher than that of Nb [10] .
With the idea of a hybrid Nb/Pb cathode, after a dedicated study to find the most suitable experimental conditions to get Pb thin films with morphological and structural characteristics adequate for a photocathode, we deposited a Pb thin film on a Nb substrate to test the photoemission performances of such device comparing the results with a Pb bulk cathode.
II. EXPERIMENTAL SET-UP
All the films were deposited by focusing the fourth harmonic of a Q-switched Nd:YAG laser (266 nm, Continuum Powerlite-8010, τ = 7 ns, f = 10 Hz) on the target surface, which was placed in a high vacuum system. The working laser fluence chosen was close to the laser ablation threshold of Pb, F thr , in order to reduce the laser thermal effect on the target as much as possible. F thr was computed according to equation (1) [7] :
where ρ is the material density,
.6 µm is the thermal diffusion length, D is the thermal diffusivity, τ is the laser pulse duration, c s is the specific heat, T ∆ is the difference between the melting point of Pb, T m , and the room temperature, ∆H f is the latent heat of fusion, ∆H e is the latent heat of evaporation and R is the surface reflectivity of the Pb target. The parameters are reported in Table 1 . Equation (1) A detailed description of the experimental apparatus is described elsewhere [12] , while the experimental conditions for the PLD thin film deposition are reported in Table 2 . The films were grown at different substrate temperatures, ranging from 30 to 230 °C, by using an ohmic heater system. The Si (100) substrates were used as-received without any additional surface polishing treatment, while the Nb substrate was ultrasonically cleaned in acetone for 30 min and dried by high purity dry nitrogen gas.
The average ablation rate was 0.27±0.02 µg/pulse, deduced by weighing the target before and after the ablation process, which indicated a target surface etching rate of The structure and crystal orientation of the material was studied by Cu K α (λ = 1.5405 Å)
X-ray diffraction (XRD) in θ/2θ mode by using a PANalytical X'Pert-PRO Materials
Research Diffractometer.
The adhesion of the Pb films to the Nb substrate was evaluated by the Daimler-Benz
Rockwell-C (DBRC) adhesion test method [13] . Indentation tests were carried out with a standard Rockwell hardness tester fitted with a Rockwell-C-type diamond cone indenter with an applied load of 150 kg. The adhesion result is obtained by using an optical microscope and classifying the amount and length of radial crack lines and the delamination and/or buckling features by different levels, which determine the adhesion strength from HF level 1 to 6 according to the VDI 3198 German standard [13] . HF1
shows excellent adhesion properties with a few crack networks while HF6 shows the poorest adhesion properties with complete de-lamination of the film.
Finally, the QE of the films was measured in a home-made photodiode cell [14] . The vacuum chamber, in which the photocathode was inserted, was evacuated at a base pressure of about 2×10 -6 Pa by means of ionic and turbomolecular pumps. The quality of 
III. RESULTS AND DISCUSSION

A. Pb FILMS DEPOSITED ON Si SUBSTRATES
Preliminary depositions were carried out on Si substrates at different temperatures in order to optimize the experimental conditions. 
-d). This behaviour is in accordance with
Warrender and Aziz's model [15, 16] concerning the growth of metal-on-insulator thin films: at the beginning of the deposition thin films typically grow according to the Volmer-Weber mode, in which atoms grow in three-dimensional islands on the surface [17, 18] . As the islands grow larger, they start to impinge each other driven by capillarity forces inducing the formation of clusters. Further deposition joins these elongated clusters, forming a tortuous network of island chains with the presence of holes and voids till a quite contiguous film with further deposition is formed. In this model the substrate temperature, T, is a key parameter in the growth process of the thin film because the time scale, t, for the formation of such elongated and interconnected clusters is T t ∝ which means that the increment of the substrate temperature induces a delay in the formation of a contiguous film as confirmed by our experimental results. Moreover, at the highest substrate temperatures (Figs. 1 c and d) , the film growth is characterized by the formation of nanometric spherical islands, which tend to increase in height, while their cross section decreases, with the temperature. In fact, the estimated average cross-section diameters of the islands were about 350 nm at 160 °C and 270 nm at 230 °C, while their height was increased, as can clearly be seen on the three-dimensional AFM images. This effect could be caused by the creation of adatom-vacancy pairs, which provokes the motion of the atoms upwards with the morphological transition from larger and shorter to thinner and taller islands inducing a steep increment of the film Root Mean Square (RMS) roughness after 160°C of the substrate temperature as shown in Fig. 2. XRD patterns of Pb thin films at different substrate temperatures are reported in Fig. 3 . 
where I o =100 MW/cm 2 is the working laser power density, κ is the thermal conductivity of Pb and the laser pulse was considered with a rectangular temporal distribution [24] .
The value of about 750 K, higher than the boiling point of Pb (600 K), was obtained ignoring the plasma absorption of the laser pulse with our experimental conditions [25] .
The crystallite size, S, related to the Pb (111) and Pb (200) 
B. Pb FILM DEPOSITED ON Nb SUBSTRATE
The above results showed that the substrate temperature is an interesting experimental parameter in the development of a Pb cathode based on thin film with well-organized nanostructure grains and controlled epitaxial grown by increasing the substrate temperature. Such features, in fact, could improve the photoemission performances of the cathode by the field emission effect [27] [28] [29] but the formation of large voids and holes on the film surface limits the application of such a device as a cathode. Further studies will be required in the future to improve the morphology of cathodes based on nanostructured Pb thin film.
After this study concerning the role of the substrate temperature on the Pb film growth, a sample of Pb film on Nb substrate was prepared to be installed in the photodiode cell to test it as a photocathode fixing the Nb substrate temperature at 30 °C . The film thickness was of about 300 nm deduced by analysing in cross section the film deposited on the Si substrate in the same experimental conditions (Fig. 6a) . Figure 6b shows the SEM image of the Pb target track produced by laser ablation at 0.5 J/cm 2 and after 15,000 laser pulses (700 pulses/site). The thermal effect, such as melting, is evident, as is the formation of asperities and depressions.
The film deposited on polycrystalline Nb substrate was characterized by a structure and morphology similar to that deposited on Si substrate. Moreover, the deposited Pb film was extremely adherent to the Nb substrates, as the scotch and the DBRC adhesion tests revealed. In particular, the DBRC adhesion test showed no visible delaminations around the indentation crater and the presence of very few cracks, typical signs of the optimal adhesion strength quality HF1.
In this configuration we studied the photoemission performances of the Pb film and, for 
where J is the current density, C is a constant, I is the laser intensity and n is the number of photons absorbed per emitted electron [30, 31] .
The corresponding value of QE for the film and the bulk before and after the laser cleaning is reported in Fig. 8 and it was calculated as:
where N e is the number of the photoemitted electrons and φ N is the number of photons which arrived on the cathode surface taking into account the Pb reflectivity. QE for the photocathode based on Pb thin film was around 8×10 -5 with a reduction of the value till 6×10 -5 due to the space charge effect (Fig. 8a) . Before the laser cleaning treatment QE was almost 3×10 -5 . The QE values of the photocathode based on Pb bulk were around 6×10 -5 and 2×10 -5 after and before the laser cleaning treatment, respectively (Fig. 8b) . We suppose that the improvement of the QE value for the photocathode based on thin film could be attributed, in same way, to the interconnected grain morphology of the film.
IV. CONCLUSIONS
Pb thin films were grown on Si (100) substrates at different substrate temperature with the aim of optimizing the experimental deposition conditions. All deposited films were characterized by SEM, AFM and XRD analyses revealing that the substrate temperature is an interesting parameter to modify the morphology and structure of the Pb films.
Nevertheless, the nucleation of large voids at higher temperatures limits the application of such devices as photocathodes. The Pb film grown on Nb polycrystalline substrate at 
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